Abstract: The combination of scCO2 with a non-volatile liquid such as ionic liquids, water, or poly(ethylene glycol) creates a biphasic mixture suitable for homogeneous catalysis with facile catalyst/product separation and catalyst recycling. Continuous-flow processes are also possible. Dissolution of the CO2 into the nonvolatile liquid during the reaction can have desirable or undesirable effects on the properties of the liquid phase and the reaction performance. Examples of the use of these biphasic systems are described, with an emphasis on systems involving ionic liquids.
Introduction
Academic and industrial researchers in the field of homogeneous catalysis have developed several new methods for catalyst recovery and reuse in the expectation that this would allow homogeneous catalysis to compete more effectively with heterogeneous catalysts for industrial processes.
Two general strategies for facilitating catalyst recovery and reuse have been identified: the use of biphasic solvent systems and the use of polymer-or solid-supported catalysts.L2 The former approach is used in industry for the hydroformylation of propene and other reactions.3 While the hydroformylation process is efficient for the conversion of lower olefins, the lack of solubility of the higher olefins in water limits the applications of the method. A range of biphasic solvent systems have been proposed and tested (Table 1) , most of them requiring the use of volatile organic solvents as at least one of the two phases. Green chemists have been searching for ways to avoid the use of volatile organic solvents and have therefore proposed new biphasic solvent systems that are entirely free of volatile organic compounds (VOC's).
All of these systems involve supercritical carbon dioxide (scCO2) as the upper phase. This review describes the use of the combination of supercritical fluids (SCF's) and ionic liquids (IL's) as the biphasic solvent medium for homogeneous catalysis and/or catalyst recovery.
In a biphasic catalysis system, two solvents are required; one (typically the lower phase) preferentially dissolves the catalyst, while the other (typically the upper phase) preferentially dissolves the product. These two solvents will be referred to as the "lower" and "upper" solvents for lack of better terms. There are two methods by which catalyst use and recovery can be performed; in the first (Fig. I a) , the catalyst and reagents are dissolved in the lower solvent and the reaction is allowed to proceed, after which the upper solvent is added to extract the product but not the catalyst. The catalyst solution is then re-used. In the second method ( Fig. 1 b) , the upper solvent is present from the start. For either method, it is crucial that there be very high partitioning of the catalyst into the lower phase and very low solubility of the lower solvent in the upper phase. If the former requirement is not met, then unacceptable catalyst losses will occur. If the latter is not met, then the product will be contaminated with both solvents instead of just one, and the lower solvent will become depleted after a few cycles. General schemes for bench-scale biphasic catalysis using a nonvolatile liquid as the lower phase and scCO2 as the upper phase. The liquid phase is represented by the small lower rectangle. The scCO2 can be added either a) after the reaction is complete, or b) before the reaction starts. In practice, the product does not partition exclusively into the scCO2 phase, so that a flow of scCO2 over some time is required to extract all of the product. Brennecke and Beckman's groups reported23 in 1999 that in a biphasic ionic liquid/scCO2 system, with [bmim]PF6 as the ionic liquid, the liquid phase contains both ionic liquid and CO2 while the supercritical phase contains only scCO2. The complete insolubility of the ionic liquid in the supercritical phase meant that organic products could be extracted from the IL by the scCO2 without concomitant extraction of the IL solvent. Their later studies demonstrated that a variety of low molecular weight organic compounds could be dissolved in [bmim]PF6 and then extracted with scCO2. [24] [25] [26] The fact that a variety of structurally-diverse organic compounds could be extracted and then obtained as entirely pure products, without contamination from either solvent, is truly remarkable and promising for a new method of biphasic catalysis. The only point of concern is the rather large quantity of CO2 that is required in order to obtain substantial extraction of the organic solute. The substrate can be brought into the solution continuously while the product is simultaneously extracted.
The apparatus used by Cole-Hamilton (Fig. 2a) and Leitner (Fig. 2b) Reetz et al. 33 had been simultaneously studying these reactions and obtained similar results.
CO2-Expanded Ionic Liquids
As mentioned in the introduction, the operator has a choice of two methods by which to perform catalyst use and recovery using biphasic solvent systems; either add the "upper" solvent before the reaction starts or after it ends. As one might guess, the choice of method can significantly affect the outcome of the reaction, with better results (rate or selectivity) being obtained with one method or the other depending on the nature of the reaction and the substrate. This is true because adding the scCO2 before the reaction starts (Fig. lb) means that a considerable quantity of CO2 will dissolve into the IL with resulting changes in the physical properties of the IL.
Dissolution of CO2 into organic liquids is known to cause the liquid to visibly expand in volume34 and to cause changes in the physical properties of the liquid, including the dielectric constant,35 melting point, ability to (5) showed that the Rh content of the extracted product was <1 ppm . The mass of nonvolatile material (water and PEG) in the extracted product was <0.5 % when PEG of 900 g/mol MW was used. The molecular weight of the PEG is an important consideration in the design of such a system. Lower molecular weight PEG's are liquids at room temperature but have significant solubility in scCO2 (for example, the solubility of 400 g/mol PEG in scCO2 at 150 bar and 50 °C is 0.5 wt %).42 Higher molecular weight PEG's (1000 g/mol or above) have increasingly negligible solubilities in scCO2 (0.016 wt % for 1000 g/mol)42 but are solids at room temperature. Fortunately, their melting points are not high (up to 60°C) and are even lower in the presence of CO2. Although high molecular weight molten PEG is normally quite viscous, the viscosity drops upon expansion of the PEG with CO2. 43 More volatile and CO2-soluble fractions of PEG with methoxy end-groups were used by Kobayashi as surfactants to create emulsions in scCO2 for homogeneous catalysis.
The method allowed greater yields and a decreased dependence on highly fluorinated catalysts compared to normal reactions in scCO2. 44 Catalyst recovery was not mentioned in this study.
PEG/scCO2 biphasic systems are likely to appeal for applications in which the removal of trace PEG from the product is either not necessary or is economically cheaper than using ionic liquids or more traditional biphasic methods. Other nonvolatile liquids that could serve as the lower phase for biphasic catalysis with scCO2 are also being identified and tested.
Conclusions
The combination of scCO2 with a non-volatile liquid such as water, ionic liquids, or poly(ethylene glycol) creates a biphasic mixture suitable for homogeneous catalysis with facile catalyst/product separation and catalyst recycling.
Continuous-flow processes are also possible. The dissolution of the CO2 into the non-volatile liquid can have desirable or undesirable effects on the properties of the liquid phase and the reaction performance. The main limitation to the method is most likely to be the amount of CO2 required to extract the product from the liquid phase.
The method is therefore most appealing for reactions in which the product is relatively easily extracted by CO2. The optimum choice of solvent to serve as the lower phase depends on several factors, including the cost and toxicity of the solvent, the solubility of the reagents in that solvent, the sensitivity of the catalyst to acidic conditions, and the solubility of the solvent in scCO2.
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